We have imaged over 35 years of archival Very Large Array (VLA) observations of the nearby (d L = 3.15 Mpc) Type Ia supernovae SN 1972E and SN 1895B between 9 and 121 years post-explosion. No radio emission is detected, constraining the 8.5 GHz luminosities of SN 1972E and SN 1895B to be L ν,8.5GHz < 6.0 × 10 23 erg s −1 Hz −1 45 years post-explosion and L ν,8.5GHz < 8.9 × 10 23 erg s −1 Hz −1 121 years post-explosion, respectively. These limits imply a clean circumstellar medium (CSM), with n < 0.9 cm −3 out to radii of a few × 10 18 cm, if the SN blastwave is expanding into uniform density material. Due to the extensive time coverage of our observations, we also constrain the presence of CSM shells surrounding the progenitor of SN 1972E. We rule out essentially all medium and thick shells with masses of 0.05−0.3 M at radii between ∼10 17 and 10 18 cm, and thin shells at specific radii with masses down to 0.01 M . These constraints rule out swaths of parameter space for a range of single and double degenerate progenitor scenarios, including recurrent nova, core-degenerate objects, ultraprompt explosions and white dwarf (WD) mergers with delays of a few hundred years between the onset of merger and explosion. Allowed progenitors include WD-WD systems with a significant (> 10 4 years) delay from the last episode of common envelope evolution and single degenerate systems undergoing recurrent nova-provided that the recurrence timescale is relatively short and the system has been in the nova phase for 10 4 years, such that a large (> 10 18 cm) cavity has been evacuated. Future multi-epoch observations of additional intermediate-aged Type Ia SNe will provide a comprehensive view of the large-scale CSM environments around these explosions.
INTRODUCTION
Type Ia supernovae (SNe) are caused by the explosion of a carbon-oxygen white dwarf (WD; Nomoto 1982) . They have become an important cornerstone of cosmological distance calculations as "standardizable candles" for measuring the expansion of the universe via their measured luminosity distances as a function of redshift (Riess et al. 1998; Perlmutter et al. 1999) . However, despite their importance, debates still remain regarding tems and explosion mechanisms, including direct collisions (Kushnir et al. 2013) , mergers (Shen et al. 2012) , and double detonations due to accretion from a helium WD companion (Shen et al. 2013; Glasner et al. 2018) . It is also debated whether Type Ia SN can only be produced near the Chandrasekhar Mass (M Ch ), or if sub-M Ch WDs can also produce normal Type Ia SNe while undergoing double detonations or violent mergers (Woosley & Kasen 2011; Kromer et al. 2010; Shen et al. 2018) . Some observations show evidence for a population of sub-M Ch explosions (e.g. Scalzo et al. 2019) .
One strategy to shed light on these open questions is to search for circumstellar material (CSM) surrounding Type Ia SNe. The CSM is produced by the preexplosion evolution of binary system-including winds, outbursts and episodes of mass transfer-and can therefore reflect the nature of the SN progenitor. However, for decades searches for CSM around Type Ia SNe in the X-ray and radio have yielded non-detections (Panagia et al. 2006; Hancock et al. 2011; Margutti et al. 2012; Chomiuk et al. 2012; Russell & Immler 2012; Margutti et al. 2014; Chomiuk et al. 2016) , implying low-density environments. Most of these observations were taken within a few hundred days of the SN explosion, constraining the density of the CSM at distances 10 16 cm from the progenitor star. Of these, observations of three nearby events-SN 2011fe, SN 2014J, and SN 2012cghave constrained the pre-explosion mass-loss rates of the progenitor systems toṀ < 10 −9 M yr −1 , ruling out all but the lowest mass SD systems (Margutti et al. 2012; Chomiuk et al. 2012; Margutti et al. 2014; Chomiuk et al. 2016) . At the same time, larger samples of more distant events systematically rule out winds from more massive or evolved stellar companions (Russell & Immler 2012; Chomiuk et al. 2016) .
In recent years, however, other types of observations have painted a more complex picture of the CSM surrounding Type Ia SNe. First, a new class of SNe (SNe Ia-CSM) spectroscopically resemble SNe Ia but have strong hydrogen emission lines (Silverman et al. 2013 ). This has been interpreted as the SN shockwave interacting with a significant amount of CSM (∼few M ) located directly around the explosion site (distributed out to radii of ∼10 16 cm). SNe Ia-CSM are rare, and the most nearby (SN 2012ca; d L ∼ 80 Mpc) is the only Type Ia SN detected in X-rays to date (Bochenek et al. 2018) .
Additionally, blue-shifted Na I D absorbing material has been detected in some normal Type Ia SNe spectra, which is interpreted as CSM surrounding the SNe that has been ionized (Patat et al. 2007; Blondin et al. 2009; Sternberg et al. 2011; Maguire et al. 2013 ). Modeling has indicated the material is not distributed continu-ously with radius, but is more likely located in shell-like structures at radii ≥ 10 17 cm (Chugai 2008) . Such absorbing material is estimated to have a total mass of up to ∼ 1M , and is thought to be present in ≥20% of SNe Ia in spiral galaxies (Sternberg et al. 2011) . Most recently, Graham et al. (2019) reported evidence of CSM interaction surrounding SN 2015cp at ∼ 730 days postexplosion, consistent with a CSM shell that contains hydrogen at distances ≥10 16 cm, and Kollmeier et al. (2019) reported the detection of Hα in a late-time nebular spectrum of ASASSN-18tb, interpreted as the signature of CSM interaction.
Despite these intriguing results, constraints on the CSM surrounding Type Ia SNe at radii 10 17 cm have been relatively sparse. These distances can be probed by radio observations obtained between ∼5 and 50 years post-explosion. These timescales have typically been neglected because the deepest constraints on the presence of a stellar wind density profile can be made in the first ∼year post-explosion. However, if an uniform density medium is present, deeper limits on CSM would be possible via radio observations at greater times post-SN, as the shockwave continues to interact with the ambient material (Chevalier 1998) . Additionally, if multiple observations are taken over the course of several years, the presence of CSM shells at a range of radii can be probed.
On even longer time scales (∼100 years) radio observations can yield information on the CSM density and structure as a SN transitions to the SN remnant (SNR) stage. In our own galaxy, young Type Ia SNRs have been observed in radio wavelengths. For example, G1.9+0.3, was first discovered by the Very Large Array (VLA) and is estimated to be between 125 and 140 years old . Additionally, Kepler's SNR is radio bright ∼400 years after the explosion (DeLaney et al. 2002) . However, whether this emission is due to interaction with CSM ejected by the progenitor system, or the interstellar medium (ISM), is still debated. In contrast, Sarbadhicary et al. (2019b) made deep radio images of the SN 1885A area in the Andromeda Galaxy (M31; 0.785 ± 0.025 Mpc distant). The resulting upper limits constrain SN 1885A to be fainter than G1.9+0.3 at a similar timescale of ∼120 years post-explosion, placing strict limits on the density of the ambient medium and the transition to the SNR stage. This appears to favor a sub-M Ch model for the explosion.
While observations of SNe within our Local Group (e.g. SN 1885A) can provide the deepest individual limits on the CSM density surrounding the progenitors of Type Ia SNe, the number of Type Ia SNe with ages 100 years is limited. Therefore, in order to build up a statistical sample of intermediate-aged SNe, we must look to galaxies farther afield. In this paper, we have compiled over 30 years of radio observations of NGC 5253 for this purpose. NGC 5253 offers an ideal example for such studies because (i) it has hosted two Type Ia SNe in the past ∼150 years (SN 1972E and SN 1895B) , (ii) it is located at very close proximity (d=3.15 Mpc; Freedman et al. 2001) , and (iii) it has been observed with the historic VLA and upgraded Karl G. Jansky VLA multiple times between 1981 and 2016. Such a data set over so many years allows us to probe the density of the CSM out to large radii from the SNe, constrain the presence of CSM shells, and provide insight into various progenitor scenarios for Type Ia SNe.
This paper is structured as follows. In Section 2, we summarize information known on SN 1895B and SN 1972E. In Section 3, we describe 30 years of archival radio observations of these systems. In Section 4, we use these observations to place deep limits on the density of a uniform ambient medium and the presence of CSM shells surrounding SN 1972E and SN 1895B at radii between 10 17 and 10 18 cm. In Section 5, we discuss these results in the context of multiple Type Ia SN progenitor scenarios, and the future of SN 1972E and SN 1895B as they transition to the SNR stage.
BACKGROUND: SN 1895B AND SN 1972E
Two independent Type Ia SNe, SN 1895B and SN 1972E, occurred within a century of each other in the nearby blue compact dwarf galaxy, NGC 5253. NGC 5253 is located within the M83/Centaurus A Group, and throughout this work we adopt the Cepheid distance of 3.15 Mpc from Freedman et al. (2001) 1 . NGC 5253 is currently undergoing a starburst phase with a compact, young star forming region at its center (Monreal-Ibero et al. 2010 ), thought to be triggered by an earlier interaction with M83 (van den Bergh 1980). SN 1895B (J2000 Coordinates: RA = 13:39:55.9, Dec = −31:38:31) was discovered by Wilhelmina Fleming on December 12, 1895 from a spectrum plate taken on July 18, 1895 (Pickering 1895) . Throughout this manuscript, we adopt the discovery date as the explosion epoch for our analysis, although the explosion likely occurred some days earlier. Three direct image plates and one spectrum plate taken within the first five months of the SN are available. Re-analysis of these plates with a scanning microdensiometer have resulted in a light curve that is consistent with a normal Type Ia SN ∼15 days after maximum light (Schaefer 1995) . From this analysis, it is estimated that SN 1895B peaked at a visual magnitude of < 8.49 ± 0.03 mag. Significantly more information is available for SN 1972E, which was the second-brightest SN of the 20th century. Discovered on May 13, 1972 (J2000 coordinates: RA = 13:39:52.7, Dec = −31:40:09), SN 1972E was identified just prior to maximum light (Leibundgut et al. 1991) , peaked at a visual of 8.5 mag and was observed for 700 days after initial discovery (Kirshner & Oke 1975; Ardeberg & de Groot 1973; Bolton et al. 1974) . As with SN 1895B, we adopt the discovery date as the explosion date for the analysis below 2 . The exquisite late-time coverage of SN 1972E at optical wavebands played a key role in our understanding of the link between Type Ia SNe and nucleosynthesis (Trimble 1982) as it was shown that the energy deposition during the optical-thin phase was consistent with the radioactive decay of 56 Ni and 56 Co (Axelrod 1980) . SN 1972E is now considered an archetype for Type Ia SN, and was one of the events used to define the spectroscopic features of "Branch normal" events (Branch et al. 1993) .
After the initial optical light faded, neither SN 1895B nor SN 1972E has been detected at any wavelength. Observations of NGC 5253 with the Chandra X-ray observatory yielded non-detections at the locations of both SNe (Summers et al. 2004 ). In the radio, two upper limits for the SNe have been published to date, which are listed in Table 1 , below. Cowan & Branch (1982) observed both SN 1895B and SN 1972E with the VLA for 3 hours at 1.45 GHz in April 1981. They report nondetections with upper limits of 0.9 mJy for both SNe. Subsequently, Eck et al. (2002) , reported upper limits on the radio flux from both SNe of 0.15 mJy based on 9.1 hours of VLA data obtained in November 1984, also at 1.45 GHz. Modeling these limits assuming a CSM with a ρ ∝ r −2 density profile, Eck et al. (2002) find upper limits on mass-loss rates of the progenitor systems of SN 1972E and SN 1895B of < 8.60 × 10 −6 M yr −1 and < 7.2 × 10 −5 M yr −1 , respectively. These massloss rate estimates, which assumed wind speeds of 10 km s −1 , are not strongly constraining in the context of Type Ia SN progenitors, ruling out only a few specific Galactic symbiotic systems (Seaquist & Taylor 1990) .
These two SNe are worthy of further study at radio wavelengths for several reasons. First, at 3.15 Mpc, SN 1972E and SN 1895B are among the closest known extragalactic SNe. Second, while radio observations of SNe years after explosion are generally not constraining in the content of a ρ ∝ r −2 wind environments, even comparatively shallow limits can provide useful constraints on the presence of a constant density CSM (Sarbadhicary et al. 2019b ) and low-density CSM shells (Harris et al. 2016 )-physical models that were not considered in the analysis of Eck et al. (2002) . Third, NGC 5253 has been observed multiple times by the VLA since 1984, and these observations are currently in the VLA archive. This gives us the unique opportunity of being able to set limits at multiple epochs for two SNe, as the shockwave has traversed a wide range of radii-and potentially, CSM environments.
OBSERVATIONS AND DATA REDUCTION

VLA Observations
For our study, we examined all archival VLA observations of the galaxy NGC 5253. While over 85 observations of NGC 5253 have been obtained since 1979, the location of SN 1972E (approximately 56" west and 85" south of the nucleus of NGC 5253 Jarrett 1973) is too far to be visible in higher frequency images centered on the galaxy core. As a result, we initially restrict ourselves to 24 observations that contain either SN 1895B or SN 1972E within their primary beam, and occurred in C and X bands (4-12 GHz).
Subsequently, we further restrict ourselves to observations that can provide constraints on constant density CSM surrounding the SNe, as described by the model outlined in Section 4.2.1. In particular, while a higher density CSM will lead to brighter overall radio emission, it will also cause the SN to enter the Sedov-Taylor phase (and therefore fade at radio wavelengths) at an earlier epoch. Thus, in the context of this physical model, there is a maximum radio luminosity that can be achieved at a given time post-explosion. This translates to a minimum image sensitivity that must be achieved for a given intermediate-aged SN. For the cases of SN 1972E and SN 1895B, we find that we require radio images with RMS noise less than 85 mJy/beam. After performing a number tests with historical VLA data of NGC 5253, we find that observations with total on-source integration times less than 20 minutes do not meet this threshold. After applying these cuts, we are left with two historical (pre-2010) VLA observations in addition to the observations published in Cowan & Branch (1982) and Eck et al. (2002) , and three observations taken with the upgraded Karl G. Jansky VLA (post-2012).
The information for each observation including date, project code, exposure time, configuration, frequency, and band are shown in Table 1 . Overall, these observations provide constraints on the radio luminosity from SN 1972E and SN 1895B between 9−44 years and 86−121 years post-SN, respectively.
Data Reduction and Imaging
All VLA data were analyzed with the Common Astronomy Software Applications (CASA; McMullin et al. 2007 ). For the 2012 and 2016 data, taken with the ungraded VLA, CASA tasks were accessed through the python-based pwkit package 3 (Williams et al. 2017) , while historical data was reduced manually. We flagged for RFI using the automatic AOFlagger (Offringa et al. 2012) . After calibration, we imaged the total intensity component (Stokes I) of the source visibilities, setting the cell size so there would be 4−5 pixels across the width of the beam. All data was imaged using the CLEAN algorithm (Cornwell 2008) , and for post-2010 data we utilize mfsclean (Rau & Cornwell 2011) with nterms = 2. Due to the large distance of SN 1972E from the galaxy center (and thus image pointing) we also image using the w-projection with wprojplanes = 128. Finally, images were produced setting robust to 0 and for Cowan & Branch (1982) ; (2) Eck et al. (2002) b Historical VLA observations all observations, we used the flux scaling as defined by Perley & Butler (2017) . For all observations, the center of the radio image is dominated by the bright central radio source in NGC 5253 located at RA = 13h39m55.96s and Dec. = −31 • 38 24.5 (J2000; Beck et al. 1996 ). An example images can be seen in Figure 1 , with the positions of SN 1972E and SN 1895 marked for reference.
Flux Limits
We did not detect radio emission at the location of either SN 1895B or SN 1972E in any of our images. To obtain flux upper limits, we measured the RMS noise at the locations of the SNe using the imtool program within the pwkit package (Williams et al. 2017) . These values are listed in Table 2 . Throughout this manuscript, we will assume 3σ upper limits radio flux from SN 1972E and SN 1895B. In general, the upper limits obtained on the flux from SN 1972E were a factor of ∼2−3 deeper than for SN 1895B. This primarily due to that fact that SN 1895B occurred significantly closer to the radiobright center of the galaxy (see Figure 1 ). The deepest individual flux limits for both SNe were provided by the December 2016 observation, with 3σ upper limits of F ν < 51 µJy/beam and F ν < 75 µJy/beam for SN 1972E and SN 1895B, respectively.
RESULTS
Radio Luminosity Limits: Comparison to Previously Observed SNe and SNRs
Upper limits on the radio luminosity to each SNe, computed using a distance of 3.15 Mpc to NGC 5253, are listed in Table 2 . We find limits ranging from 3 ×10 25 erg s −1 Hz −1 in 1981 to 6 ×10 23 erg s −1 Hz −1 in 2016. These limits are shown in Figure 2 , along with observations of previously observed SNe and SNRs for comparison. Each SN or SNR is plotted in a different color, while symbols indicate the frequency of each observation. Upper limits are designated by black arrows. Figure 2 demonstrates the unique timescales and luminosities probed by SN 1972E and SN 1895B. In one of the most thorough reviews of radio emission from Type Ia SNe to date Chomiuk et al. (2016) provided observations of 85 Type Ia SNe within 1 year post-explosion. The deepest limits cited in Chomiuk et al. (2016) correspond to luminosities of ∼ 3−6 × 10 23 erg/s/Hz for SN 2014J between 84 and 146 days post-explosion, and ∼ 4−6 × 10 24 erg/s/Hz for SN 2012cg between 43 and 216 days post-explosion. These are comparable to the limits obtained for SN 1972E and SN 1895B, but at a significantly shorter time post-explosion. In Figure 2 , we plot the Type Ia SNe with the deepest luminosity limits obtained between 3 months and 1 year post-explosion (Chomiuk et al. 2016; Panagia et al. 2006) .
While observations of SNe and SNRs within the Milky Way and other Local Group galaxies can provide deeper constraints on the radio luminosity from Type Ia SNe, such observations have typically been obtained at longer timescales post-explosion. This is demonstrated in Figure 2, where we also plot a radio upper limit for SN 1885A in M31 and observed radio luminosities for the Galactic SNRs G1.9+0.3, Tycho, and Kepler, all associated with events of thermonuclear origin (de Vaucouleurs & Corwin 1985; Fesen et al. 2016; Reynolds et al. 2008; Ruiz-Lapuente 2004; Reynolds et al. 2007) .
By co-adding VLA observations in the 4-8 GHz frequency range, Sarbadhicary et al. (2019b) produced a deep radio image with RMS noise of 1.3 µJy/ beam at the location of SN 1885A in M31. Some radio emission with 2.6σ confidence is also present, but the associa- a Assuming the explosion epochs adopted in Section 2.
b Assuming a constant CSM density, n0, and the fiducial model described in Section 4.2.1.
tion with SN 1885A for this emission is uncertain due to the large amount of diffuse radio emission in the central regions of M31 where the SN is located. The resulting luminosity upper limit of 8.5×10 21 erg s −1 Hz −1 at 127 years post-explosion is approximately two orders of magnitude deeper and at timescales just beyond those probed by SN 1895B. In comparison, the Galactic SNR G1.9+0.3 was detected at 1.4 GHz with a flux of 0.74 ± 0.04 Jy in 1993 (Condon et al. 1998) , and 0.935 ± 0.047 Jy in 2008 ), corresponding to ages of ∼125−140 years post-explosion Green et al. 2008 ). Based on a high absorbing column density in observed X-ray observations, Reynolds et al. (2008) place the distance to G1.9+0.3 to be ∼8.5 kpc, with corresponding radio luminosities of ∼ 10 23 erg/s/Hz. Finally, the Catalog of Galactic Supernova Remnants (Green 2014 (Reynoso & Goss 1999) , respectively, these translate to radio luminosities of ∼ 5 × 10 23 erg/s/Hz. However, we emphasize that these SNe are over 400 years old, and have transitioned to the SNR phase. Given that the observed luminosities of these Galactic intermediate-aged Type Ia SNe/SNRs are below the luminosity upper limits obtained for SN 1972E and SN 1895B, we also calculate the flux densities that they would be observed with at the distance of NGC 5253. We find that the observed flux densities of G1.9+0.3like, Kepler-like, and Tycho-like SNRs would be ∼2 µJy, ∼15 µJy, and ∼ 26 µJy in NGC 5253, respectively. These flux levels for Kepler's and Tycho's SNR are within the sensativity limits that can be achieved through dedicated JVLA observations, and the implications for the future evolution of SN 1972E and SN 1895B are discussed in Section 5, below.
Constraints on a Uniform Density CSM
The radio emission from a SN expanding into a relatively low density medium is described by a synchrotron spectrum. As the shockwave expands into the CSM, electrons are accelerated to relativistic speeds and interact with shock-amplified magnetic fields (Chevalier 1982; Chevalier & Fransson 2006) . Here, we use a quantitative model for the radio luminosity from a SN blast wave expanding into a constant density CSM and our luminosity upper limits to place constraints on the density of the media surrounding the progenitors SN 1972E and SN 1895B. Table 1 and previous observations. ( Cowan & Branch 1982; Eck et al. 2002) ). Also shown, for comparison, are observed radio luminosities and luminosity upper limits (black arrows) for Galactic SNRs and other extagalactic Type Ia SNe for a range of times post-SN (Chomiuk et al. 2016; Sarbadhicary et al. 2019b; Green 2014; Condon et al. 1998 ). We have distinguished the different observed frequency bands present in this data set as different symbols: squares correspond to L-band (1-2 GHz), diamonds to C-band (4-8 GHz), and circles to X-band (8-12 GHz) observations. For illustrative purposes, we have included solid lines to represent two potential model radio light curves expected for a SN blast wave expanding into a uniform medium with a density of 1 cm −3 (blue) and 10 cm −3 (orange), assuming our baseline S17 model described in Section 4.2.1. See Table 2 for the precise density limits that can be derived from each point.
We adopt the radio luminosity model outlined in Sarbadhicary et al. (2017, S17 hereafter, see their Appendix A), based on the radio synchrotron formalism of Chevalier (1998) . This model self consistently treats the evolution of the SN from early (ejecta dominated) to late (Sedov-Taylor) phases, and is therefore ideal for the intermediate-aged SNe considered here. While we refer the reader to S17 for a complete model description, we summarize salient features here.
The luminosity of the radio emission from a Type Ia SN will depend on the density profiles of the outer SN ejecta and CSM, the ejecta mass (M ej ) and kinetic energy (E K ) of the SN explosion, the power spectrum of the relativistically accelerated electrons, and the fraction of post-shock energy contained in amplified magnetic fields and relativistic electrons ( B and e , respectively). S17 use standard model assumptions in many cases: adopting a power-law density profile with a "core-envelope" structure for the SN ejecta as defined by Truelove & McKee (1999) with ρ ∝ v −n and n = 10 in the outer ejecta (Matzner & McKee 1999) , a constant density CSM, and a distribution of relativistic electrons of the form N (E) ∝ E −p . However, S17 deviate from standard assumptions in their treatment of the magnetic field amplification.
In most analytic models of SN radio light curves, e and B are free parameters, assumed to be constant. This is generally considered to be one of the most significant uncertainties in converting observed radio luminosities to CSM densities (Horesh et al. 2012 (Horesh et al. , 2013 . In contrast, S17 develop a new parameterization for b , as a scaling of the Alfven Mach number of the shock and the cosmic ray acceleration efficiency, based on the results of numerical simulations of particle acceleration (Caprioli & Spitkovsky 2014). B is therefore determined as a function of time and equipartition is not assumed. As a result, the models of S17 contain five free parameters: p, e , M ej , and E K , and n 0 (the density of the CSM).
Given their ages and the analytic models for SN blast wave dynamics of Truelove & McKee (1999) , SN 1972E and SN 1895B should still be in the free-expansion (ejecta-dominated) phase during the VLA observations described above. During this phase, the radius and velocity of the forward shock can be described by:
and
where t 2 = t/(100 yrs), is the time post-explosion, E 51 = E/(10 51 ergs) is the kinetic energy of explosion, M ej = M/(1 M ) is the ejecta mass, and n 0 is the ambient medium density in units of 1 cm −3 . Using these relations, and equations A1-A11 in S17, we can then calculate the radio luminosity of a Type Ia SN interacting with a uniform density CSM under the assumption that the resulting synchrotron emission is optically thin and the forward shock will dominate the radio luminosity 4 . These assumptions hold for the low density ambient media we consider here.
In Figure 2 we plot example S17 light curves for two CSM densities (1 and 10 cm −3 ), assuming a fiducial "baseline" model with M ej = 1.4 M , E K = 10 51 erg, p = 3, and e = 0.1. The latter two values are widely adopted in the literature and are motivated by radio observations of SNe and gamma-ray bursts (Chevalier & Fransson 2006) . However, we emphasize that both p and e may vary based on the source population and e , in particular, is subject to significant uncertainty. Observations of young SNRs, such as Tycho, are consistent with a very small e ( 10 −4 ; Morlino & Caprioli 2012 , Berezhko & Völk 2006 , Berezhko et al. 2009 ), while the luminosity function of older SNRs in local galaxies requires an intermediate value ( e ≈ 10 −3 ; S17). Similarly, while young radio SNe are often consistent with p = 3 (Chevalier & Fransson 2006) , the spectral index of young SNRs is usually in the range of p = 2.0 − 2.4 (Dubner & Giacani 2015) . We have chosen our baseline values for p and e both because SN 1972E and SN 1895B should still be in the ejecta-dominated phase, and to allow for direct comparison to the observational results of Chomiuk et al. (2016) and the hydrodynamic models of SN-CSM shell interaction described in Section 4.3. Effects of varying these parameters will be examined below.
From the baseline S17 models presented in Figure 2 it is clear the predicted radio luminosity increases steadily during the free-expansion phase-over a timescale of centuries-thus allowing later observations to place deeper constraints on the density of the ambient medium. This is in sharp contrast to a ρ ∝ r −2 wind environment, where the predicted radio luminosity fades with time as a result of the decreasing density (see, e.g. Chomiuk et al. 2016 ). In the uniform CSM scenario, the radio light curve peaks a few hundred years after SN, around the Sedov time, and subsequently the radio luminosity declines throughout the Sedov-Taylor phase (S17).
Limits on Uniform Density CSM
We have applied the radio model of S17 to the luminosity upper limits derived for SN 1972E and SN 1895B (Section 3.3; Figure 2 ) in order to place limits on the density of any uniform medium surrounding the SNe. In Table 2 we list the density upper limits that result when assuming our baseline model described above (M ej = 1.4 M , E K = 10 51 erg, p = 3, and e = 0.1). For each point, we run a large grid of S17 models and the quoted density upper limit corresponds to the curve which goes directly through the 3σ luminosity limit plotted in Figure 2 ). These density upper limits, which were computed assuming a mean molecular weight of 1.4, range from ∼1 to ∼15 cm −3 , depending on the epoch, frequency, and sensitivity of the observation.
In the top panel of Figure 3 , we plot example 8 GHz light curves for this baseline model at a range of CSM densities, along with the X-band (8-10 GHz) upper limits for SN 1972E and SN 1895B. For both SNe, our deepest constraints on the density of the ambient medium come from the Dec. 2016 observations, due to a combination of their deeper sensitivity and longer time postexplosion. Assuming our baseline model, these limits correspond to n 0 0.8 cm −3 for SN 1895B, and n 0 0.9 cm −3 for SN 1972E. In Figure 4 we plot these density limits in comparison to those for SN 1885A, SNR G1.9+0.3, and the ∼200 observations of 85 extragalactic Type Ia SN from Chomiuk et al. (2016) . For SN 1885A and G1.9+0.3 we have taken the observed luminosities from Sarbadhicary et al. (2019b) and computed new density limits assuming our baseline model, as Sarbadhicary et al. (2019b) adopted significantly different values of p=2.2 and e = 10 −4 . Given both the small distance to NGC 5253 and the fact that the radio luminosity of a SN expanding into a uniform density CSM will continue to increase over time, we are able to place limits on the CSM density surrounding SN 1972E and SN 1895B that are several orders of magnitude lower n 0 = 50 cm -3 n 0 = 10 cm -3 n 0 = 5 cm -3 n 0 = 0.5 cm -3 n 0 = 0.1 cm -3 n 0 = 1 cm -3 (a) Expected luminosity for various densities for our "baseline" model (M ej = 1.4 M , E K = 10 51 erg, and e = 0.1, with n 0 ranging from 0.1 − 50 cm −3 ). Chomiuk et al. (2016) , compared to the deepest limits found in this work for SN 1972E and SN 1895B (red and blue vertical lines, respectively). Also shown is a density upper limit for SN 1885A (green) and a density measurement for G1.9+0.8 (yellow) calculated based on the luminosities from Sarbadhicary et al. (2019b) and assuming our baseline model described in Section 4.2.1.
than the bulk of the population presented in Chomiuk et al. (2016) .
In Figure 3 , we also examine the influence on our derived density upper limits if we deviate from our baseline model described above. In the middle panel we plot the 8 GHz light curves that result if we consider an ejecta mass of M ej = 0.8 M , representative of sub-M ch explosions (e.g., Sim et al. 2012) . For these parameters, our best ambient density constraints correspond to n 0 < 0.38 cm −3 (SN 1972E) and n 0 < 0.31 cm −3 (SN 1895B). Overall, assuming a sub-M ch explosion yields upper limits on the CSM density that are a factor of ∼2.5 more constraining (assuming E K = is held fixed at 10 51 erg). Finally, in the lower panel of Figure 3 we highlight the influence of varying the adopted value for e . Lowering the value of e by a factor of 10 will yield a predicted luminosity for a given density that is a factor of 10 fainter, and a density constraint for a given luminosity upper limit that is a factor of ∼7 weaker (for p = 3). If we adopt e = 10 −4 and p = 2.2 as assumed by Sarbadhicary et al. (2019b) when modeling SN 1885A (based on values consistent with young SNRs), our best ambient density constraints become ∼17 cm −3 (SN 1972E) and ∼16 cm −3 (SN 1895B). In this case, the impact of a lower adopted p value partially cancels the effect of a dramatically lower e .
The uniqueness of a data set spanning two decades also allows us to place constraints on the density of the CSM as a function of radius from the progenitor star. In Figure 5 we plot the uniform density CSM limits ob-tained for each SN 1972E and SN 1895B observation, assuming our baseline S17 model. On the top axis we also provide the radius probed as a function of time, assuming a constant CSM density of 1 cm −3 . We note that the exact radius probed by each point will vary depending on the density of the CSM (see Equation 1). These densities and radii are similar to those observed in several known CSM shells. For illustrative purposes, we have provided a simple density profile for two such examples: the inner ring of SN 1987A, and the planetary nebula Abell 39. These density profiles should be associated with the top axis of Figure 5 , which lists the radius from the SN progenitor star.
The radius and density of for inner ring of SN 1987A are obtained from Mattila et al. (2010) , who provide both upper and lower limits on the ring density (plotted as dashed and dotted orange lines, respectively). For the planetary nebula Abell 39, the radius and density of the shell were obtained via spectroscopic analysis from Jacoby et al. (2001) . We chose Abell 39 because it is the simplest possible planetary nebula: a one-dimensional projected shell that is used as a benchmark for numerical modeling of these structures (Jacoby et al. 2001; Danehkar et al. 2012 ). In the case of Abell 39, the shell has a radius of 0.78 pc, a thickness of 0.10 pc, and a density of 30 cm −3 (Jacoby et al. 2001) . We have plotted a simple step function where the density is 2 cm −3 outside of the shell, consistent with the number density observed within the shell (Toalá & Arthur 2016) . This illustrative comparison highlights that even the less sensitive luminosity limits obtained for SN 1972E and SN 1895B are useful in constraining the presence of CSM shells. We consider a more detailed model for the radio emission from a SN interacting with CSM shells below.
Constraints on the Presence of CSM Shells
In addition to placing deep limits on the density of uniform CSM, the multi-epoch nature of our radio observations allow us to investigate the possibility of shells of CSM surrounding the progenitors of SN 1972E and SN 1895B. Here we outline a parameterized radio light curve model for SN ejecta interacting with spherical shells of finite extent, the applicability of these models to the regimes probed by our observations of SN 1972E and SN 1895B, and the types of shells that can be ruled out for these systems.
Radio Light Curve Model: Shell Interaction
To constrain the presence of CSM shells surrounding the progenitors of SN 1972E and SN 1895B we use the parameterized light curve models of Harris et al. (2016) (H16, hereafter). H16 model the interaction of expanding SN ejecta with a CSM shell of constant density using the Lagrangian hydrodynamics code of Roth & Kasen (2015) and compute radio synchrotron light curves based on the gas property outputs of these simulations. While these models can be run for a wide variety of ejecta and CSM configurations, for ease of parameterization, H16 also produced a set of fiducial models for a M ej = M Ch = 1.38 M and E K = 10 51 erg Type Ia SN, with a physical set-up that is based off of the self-similar formalism of Chevalier (1982) .
Specifically, for this fiducial model set, H16 adopt power law density profiles for both the SN ejecta and CSM, and set the initial conditions of the simulations such that the initial contact discontinuity radius equals the contact discontinuity radius at the time of impact from Chevalier (1982) . Following Chevalier & Fransson (1994) and Kasen (2010) , the SN ejecta is defined by a broken power law with shallow and steep density profiles (ρ ∝ r −1 vs. ρ ∝ r −10 ) for material interior and beyond a transition velocity, v t , respectively. The CSM is defined as a shell with a finite fixed width, ∆R, and constant density, n.
In constructing radio synchrotron light curves from the outputs of this fiducial set of models H16 assume that e = B = 0.1 and that that the accelerated electrons possess a power-law structure with respect to their Lorentz factor, γ, of the form n(γ) ∝ γ −p with p = 3. It is also assumed that the radio emission is dominated by the forward shock and that the resulting emission is op- Figure 6 . Fiducial H16 light curve models for a SN blastwave impacting a constant density CSM shell. The three top panels show representations of the CSM density structure as a function of each of the three free model parameters, varying shell inner radius (r1), shell density (n0), and shell width (f) respectively. A typical ISM density (∼1 cm −3 ; dashed line) is shown as a dashed line for reference. H16 assume a cavity interior to the CSM shell. The three lower panels show the H16 radio light curves that result when a SN blastwave impacts the density structures shown in the panel immediately above them. Radio upper limits from SN 1972E (downward triangles, colors correspond to observed frequency bands) and a 0.1 cm −3 constant CSM density radio light curve from S17 (dash-dot line) are shown for comparison. Left Panels: Effect of varying shell inner radius. The onset of the resulting radio emission is delayed. Center panels: Effect of varying shell density. Higher densities correspond to brighter radio emission and slightly later rise of the radio light curve (see text for details). Right panels: Effect of varying the shell fractional width. Radio light curves initially follow the same evolution, but thicker shells yield a longer-lived and brighter radio transient.
tically thin to synchrotron self-absorption, assumptions that were shown to be valid for their model set.
With these assumptions, H16 find a "family" of resulting radio synchrotron light curves that can be defined by three key parameters: r 1 : the inner radius of the CSM shell.
n: the density of the CSM shell.
f : the fractional width of the CSM shell (∆R/r 1 ).
H16 provide analytic expressions describing radio light curves as a function of these three parameters.
In Figure 6 we plot the resulting radio light curves (lower panels) for various CSM shells (top panels) as each of r 1 , n, and f are varied individually. Also shown, for context, are the luminosity upper limits measured for SN 1972E and the radio light curve for a 0.1 cm −3 constant density CSM from S17. Overall, the resulting radio light curves are strongly peaked in time, with a rapid decline occurring once the forward shock reaches the outer radius of the CSM shell. For a constant shell density and fractional width (left panels), adjusting the inner radius of the shell will primarily influence the time of impact and therefore the onset of radio emission. Adjusting the density of the CSM shell (center panels) will primarily influence the peak luminosity of the resulting radio emission-although the onset of radio emission will also be delayed slightly for higher density shells (see be- Figure 7 . Visual representation of the CSM shell inner radii (r1) and densities (n) probed by observations of SN 1972E and SN 1895B (aqua and red boxes, respectively) and regions where the model assumptions of H16 are valid. The shaded blue region highlights the parameter space where the assumption that the CSM impacts the outer portion of the SN ejecta is violated. Violet lines indicate densities for which the total shell mass equals the total mass in the outer ejecta (∼0.3M ) for fiducial thin, medium, and thick shells. Yellow lines designate the time when the SN ejecta would impact the CSM shell in the models of H16. See text for details. low). Finally, increasing the fractional width of the shell (right panels) will increase both the overall timescale and peak luminosity of the resulting radio signature as the interaction continues for a longer time period. Thus, a given observed data point will constrain the presence of a thick shell over a larger range of r 1 , compared to thin shells with similar densities.
Applicability to SN 1972E and SN 1895B
H16 first developed and applied their fiducial models to investigate the case of low-density CSM shells located at radii a few ×10 16 cm, whose presence would manifest in radio light curves within the first ∼1 year post-explosion. We now examine whether the assumptions made in H16 are applicable for CSM shells that would manifest at the timescales of the observations of SN 1972E and SN 1895B described above.
The main assumption that may be violated for the case of shells at the radii probed by the observations of SN 1972E and SN 1895B is that the CSM impacts the outer portion of the SN ejecta, which has a steep density profile. For this to hold true, first the total mass swept up by the SN shock prior to impacting the shell should not approach the mass in the outer SN ejecta. For the broken power-law ejecta profile adopted in H16, ∼2/9 of the SN ejecta mass is located in the outer ejecta, corresponding to ∼0.3 M for a Chandrasekhar mass explosion. H16 assume that the shell occurs essentially in a vacuum. If we instead assume a low density medium interior to the shell of <0.1 cm −3 (e.g. Badenes et al. 2007) we find that that mass of the internal material swept up should be 0.002 M for the shell radii probed by the observations of SN 1972E.
Thus, the CSM shell density and radius are the primary determinants of whether the interaction is with the outer SN ejecta. In setting the initial conditions of their simulations, H16 assume that the "impact", and hence the beginning of the radio light curve, occurs when the ratio of the CSM and SN ejecta density at the contact discontinuity reaches a specific value (ρ CSM = 0.33 ρ ej ). This requirement is the cause of the shift in radio emission onset time when considering shells of various densities at a fixed radius. For denser shells, the H16 impact will occur when a slightly denser-more slowly movingportion of the SN ejecta reaches r 1 . Thus, at every radius, there is a density that corresponds to 0.33 ρ ej,vt where ρ ej,vt is the density of the ejecta at the transition velocity, v t , between the outer and inner density profiles. This is the maximum density of a CSM shell at this radius that does not violate the model assumption that the impact occurs in the outer portion of the SN ejecta. Because the density of the expanding SN ejecta decreases with time, as we consider shells at larger and larger radii, this model assumption will break down for lower and lower densities.
Assuming CSM shells with fractional widths between 0.1 and 1.0, we find that the observations of SN 1972E and SN 1895B will probe CSM shells with inner radii ranging between [1−15] × 10 17 cm and [1.5−4.0] × 10 18 cm, respectively. In Figure 7 we show these ranges in comparison to the model assumption constraints described above. For SN 1972E, we find that there are large swaths of parameter space that can be probed using the parameterized light curves of H16. However, for SN 1895B, we find that only shells with very low densities ( 10 cm −3 ) will not violate model assumptions.
Finally, we note one other requirement based on the assumption that the interaction primarily occurs in the outer SN ejecta: the total mass in the CSM shell should not exceed the total mass in the outer SN ejecta (∼0.3 M ). Parameter space where this requirement is met and violated are discussed in Section 4.3.3, below. 
CSM Shell Models Excluded
Finding that the H16 model assumptions are valid over a portion of the parameter space of CSM shells probed by SN 1972E and SN 1895B, we run large grids of parameterized light curve models for comparison with our observations. For SN 1972E, we run 3,200 models for shell radii spanning r 1 = [1 − 15] × 10 17 cm and shell densities spanning n = 1 − 16, 000 cm −3 (∼ 2.3 × 10 −24 to 3.7×10 −20 g cm −3 ). This grid is chosen to encompass the full range of densities that can be probed without violating the the model assumptions described above. For the highest densities considered these models assumptions are only valid at the smallest radii (see Figures 7  and 8) . For SN 1895B we consider 450 models spanning shell radii of r 1 = [1.6 − 4] × 10 18 cm and shell densities of n = 1 − 15 cm −3 . For each event, we run models for three representative shell widths, chosen to span the range of astrophysical shells predicted surrounding some putative Type Ia SN progenitors (see Section 5). Specifically, we consider f values of: For each combination of f , r 1 , and n, we compute the resulting radio light curve at the frequencies of all of our observations and determine whether any of the flux upper limits described above rule out a shell with those parameters. Results from this process for SN 1972E are shown in Figure 8 . Shells excluded by the data are displayed in red. For reference, we also plot lines that indicate constant shell masses of 0.01, 0.05, 0.1, and 0.3 M for each shell thickness. Shells with total masses >0.3 M violate the H16 requirement that the total shell mass be less than the mass in the outer SN ejecta. Regions where the condition that the initial interaction occurs in the outer SN ejecta is violated are also shown in blue. For the medium-thickness shells considered here, theses two conditions are violated at very similar shell densities, while for thick-shells the constraint that the total shell mass be less than 0.3 M is the more restrictive requirement (see Figure 8 ; right panel).
Each observed luminosity limit leads to a diagonal line of excluded CSM shells in the density-inner radius plane. This is due to the interplay between the shell density and the onset time of strong interaction that leads to radio emission (see above). For thin shells (left panel) these individual "tracks" of excluded models are visible, while for thicker shells (center and right panels) they broaden and overlap. Thus, excluding a complete set of thin shell models for an individual SN progenitor would require higher cadence radio observations than those available for SN 1972E. In contrast, for thicker shells, we are primarily limited by the depth of individual observations.
Overall, for SN 1972E, we can rule out CSM shells down to masses of ∼0.01 M at a range of radii, which vary depending on the shell thickness. We can also rule out the presence of all thick shells with masses 0.05 M at radii between 1×10 17 and 1×10 18 cm, and most medium-width shells of similar mass at radii between 2×10 17 and 1.5×10 18 cm. In terms of raw CSM shell density, our deepest limits come between 1 and 1.5 ×10 18 cm, where we can rule out shells with densities between 1 and 3 cm −3 .
We emphasize that these radii are larger than those probed by most other observations searching for CSM surrounding Type Ia SNe to date, including time-varying absorption features (e.g., Patat et al. 2007 ) and late-time optical photometry/spectroscopy (e.g. Graham et al. 2019) , which tend to constrain the presence of CSM around ∼10 16 cm. Simon et al. (2009) do find a radius of ∼ 3 ×10 17 cm for the material responsible for time-varying Na absorption lines around the Type Ia SN 2007le. However, the density inferred is much higher (∼10 7 cm −3 ) and fractional width much narrower (f ≈ 3 × 10 −4 ) than those considered here, possibly suggesting a clumpy or aspherical CSM. Our observations constrain a unique parameter space of CSM shells.
For SN 1895B, we find that essentially all of the shell models that would be excluded by the depth and timing of our observations fall in the regime where the H16 assumption that the CSM impacts the outer SN ejecta is violated. However, a few specific exceptions to this exist. For example, we can rule out the presence of an f = 0.33 medium width shell with a density of 6 cm −3 at a radius of ∼ 2 × 10 18 cm (total shell mass ∼0.3 M ). These borderline cases demonstrate that the observations of SN 1895B are likely useful to constrain the presence of shells at these radii, but updated models that include interaction with the dense inner SN ejecta are required for a quantitative assessment.
DISCUSSION
The CSM environment surrounding a Type Ia SN is dependent on pre-explosion evolutionary history of the progenitor system. In this section, we will consider different types of CSM that are both allowed and ruled out by our results (Section 4), and what they indicate in the context of various Type Ia SN progenitor scenarios. In Section 5.1, we consider the presence of constant density material, the only material expected in DD scenarios with significant delay times. We next consider the presence of shells (Section 5.2), as may be expected for SD progenitors if they contain nova shells or planetary nebula and DD progenitors in the case of a prompt explosion post-common envelope. We also consider the presence of other types of CSM (Section 5.3). Finally, in Section 5.4, we make predictions for the future of both SN 1895B and SN 1972E as the SNe evolve and future observations are taken.
Presence of Constant Density CSM or ISM
Our deepest luminosity limits constrain the density of a uniform ambient medium surrounding SN 1972E and SN 1895B to be 0.9 cm −3 out to radii of ∼ 10 17 − 10 18 cm. This implies a clean circumstellar environment out to distances 1−2 orders of magnitude further than those previously probed by prompt radio and Xray observations Margutti et al. 2014) . Densities of this level are consistent with the warm phase of the ISM in some galaxies (e.g. Ferrière 2001), and we examine whether our density constraints for SN 1972E and SN 1895B are consistent with expectations for the ISM in their local environments within the intensely star-forming galaxy NGC 5253.
Using the HI observations of Kobulnicky & Skillman (1995) , Summers et al. (2004) estimate the ISM density at the location of SN 1972E, which is >1.5 kpc from the central star-forming region, to be 1 cm −3comparable to our radio limits. In contrast, SN 1895B exploded ∼100 pc from the nucleus of NGC 5253, in a complex region with multiple large stellar clusters (Section 2). Excluding the dense stellar clusters themselves, Monreal-Ibero et al. (2010) use IFU spectroscopy with VLT-FLAMES to conclude that the ISM density in this central region is < 100 cm −3 , and could potentially be 1−2 orders of magnitude lower and the explosion site of SN 1895B, depending on the local distribution of material. Thus, despite some uncertainty, we find that our deepest radio limits constrain the density surrounding SN 1972E and SN 1895B to be at levels comparable to, or below, the local ISM at distances of ∼ 10 17 − 10 18 cm.
Low density media surrounding Type Ia SNe can be achieved through multiple progenitor scenarios. Clean, ISM-like, environments are most commonly evoked for DD models produced by the merger of two WDs. The components of such systems have low intrinsic mass loss rates and current population synthesis models predict that >90% of WD mergers should occur >10 5 years after the last phase of common envelope evolution (Ruiter et al. 2013 ). Thus, the material ejected during this phase should fully disperse into the ISM at radii beyond 10 18 cm by the time of explosion. While WD mergers may also pollute the CSM via a number of other physical mechanisms including tidal tail ejections (Raskin & Kasen 2013) , outflows during a phase of rapid mass transfer pre-merger (Guillochon et al. 2010; Dan et al. 2011 ) and accretion disk winds in systems that fail to detonate promptly (Ji et al. 2013) , this material will be located at radii < a few × 10 17 cm, unless there is a significant ( 100 years) delay between the onset of merger and the subsequent Type Ia explosion. In this case, the small amount of material ejected via these mechanisms (∼10 −3 − 10 −2 M ) will have either dispersed to densities below our measurements or swept up material into a thin shell (Raskin & Kasen 2013) , whose presence will be assessed below. Thus, we conclude that our low inferred densities surrounding SN 1972E and SN 1895B are be consistent with expectations for a majority of DD explosions due to WD mergers.
However, low density ambient media can also be produced by SD and DD Type Ia SN models in which either fast winds or shells of material are ejected from the progenitor system prior to explosion. This high velocity material will subsequently "sweep-up" the surrounding ISM, yielding low density cavities surrounding the stellar system (e.g. Badenes et al. 2007 ). For example, recent hydrodynamical simulations of recurrent nova systems find cavity densities of 10 −1 − 10 −3 cm −3 , far below the density of the ambient ISM (Dimitriadis et al. 2014; Darnley et al. 2019 ). Our radio observations would require a cavity that extends to a few ×10 18 cm. These distances are consistent with the large (r > 10 19 cm) cavities predicted to be carved by fast accretion wind outflows from the WD surface in some SD models (Hachisu et al. 1996) , although such cavities may be inconsistent with observed SNR dynamics (Badenes et al. 2007 ). In the context of recurrent nova systems such large cavities would require a system that had been undergoing outbursts for 10,000 years (Dimitriadis et al. 2014; Darnley et al. 2019 ). In the section below, we discuss constraints on the presence of CSM shells surrounding SN 1972E and SN 1895B, and thus further implications for this class of progenitor model if a cavity is the source of the clean CSM environments observed.
Presence of Shells
Several putative progenitor systems for Type Ia SNe predict the presence of shells surrounding the system at distances in the range of those probed by our observations (∼ 10 17 − 10 18 cm). These include both SD and DD systems, with examples of shell creation mechanisms ranging from a recurrent nova to common envelope ejections. In Section 4.3.3, we utilized the models of Harris et al. (2016) to explore the basic parameter space of shells that can be constrained and ruled out by our data. Here, we discuss the implications of these results for various progenitor scenarios.
Recurrent Nova Progenitors
A recurrent nova is a high mass accreting WD system that undergoes repeating thermonuclear outbursts due to unstable hydrogen burning on its surface, ejecting mass from the system every ∼ 1 − 100 yr. The identification of time variable absorption and blue shifted Na I D lines in some Type Ia SNe (Patat et al. 2007; Blondin et al. 2009; Sternberg et al. 2011; Maguire et al. 2013 ) have raised the question of a connection between recurrent novae and Type Ia SNe, particularly in light of the discovery of blue-shifted Na I D lines in the recurrent nova RS Ophiuchi (RS Oph) during outburst (Patat et al. 2011; Booth et al. 2016) .
Individual nova eruptions eject a small mass of material (M ej ∼ 10 −7 − 10 −5 M ) at high velocities (v ej 3000 km/s; Moore & Bildsten 2012; Darnley et al. 2019 ). However, this material will rapidly decelerate to velocities on the order of tens of km s −1 as it sweeps up material from the ISM, CSM, or collides previously ejected shells. The result is a complex CSM structure consisting of of low-density (n ∼ 10 −1 − 10 −3 cm −3 ) cavities enclosed by a dense outer shell (e.g. Munari et al. 1999; Badenes et al. 2007) . For a for a 10 4 year recurring nova phase, such as that seen in RS Oph-like stars, the outer cavity wall predicted to be at radii of 3×10 17 cm (e.g. Booth et al. 2016; Dimitriadis et al. 2014) , within the regime probed by our observations.
The constraints that our observations can provide on the presence of nova shells surrounding SN 1972E depend primarily on their predicted densities, radii, and thicknesses, which in turn depend on the density of the ambient ISM, the total time the system has been in an active nova phase, and the recurrence timescale between eruptions. Two recent hydrodynamic models for the CSM structure surrounding such systems are presented by Dimitriadis et al. (2014) and Darnley et al. (2019) . The former models nova eruptions with 25, 100, 200 year recurrence timescales expanding into a CSM shaped by winds from a red giant donor star withṀ = 10 −6 M and v w = 10 km s −1 . The the latter simulated eruptions with both a shorter recurrence timescale (350 days) and a lower density CSM (shaped by a red giant star withṀ = 2.6 × 10 −8 M and v w = 20 km s −1 ). This model was specifically designed to reproduce the CSM surrounding the M31 nova system M31N 2008-12a. M31N 2008-12a is particularly interesting system as it is the most frequently recurring nova known, the WD is predicted to surpass the Chandrasekhar limit in <20,000 years (Darnley et al. 2017) , and it is surrounded by an observed cavity-shell system with a total projected size of ∼ 134 × 90 pc (Darnley et al. 2019) . Dimitriadis et al. (2014) find that the density of individual nova ejections expanding into the main cavity depends on the nova recurrence timescale. For longer recurrence times the densities will be higher, as the donor star has additional time to pollute the CSM. For the donor mass-loss rate and recurrence timescales considered by Dimitriadis et al. (2014) these shells are predicted to have densities 10 2 cm −3 , while the low density and short recurrence timescale of Darnley et al. (2019) yield individual shell densities below the detection threshold of our observations (n 0.1 cm −3 ). However, while our observations can rule out high-density shells from some individual nova eruptions, they are predicted to be too thin (f ∼ 0.01; Dimitriadis et al. 2014) for our sparse observations to conclusively rule our a system of shells predicted for any specific recurrence time.
In contrast, the outer cavity wall is expected to be thicker. Darnley et al. (2019) find that this "nova superremnant shell" converges a width of f = 0.22 and density approximately 4 times that of the ISM in their simulations (∼ 4 cm −3 ). Our observations can rule out the presence of even these low-density medium-thickness shells at radii between ∼ 5 ×10 17 cm and 2 × 10 18 cm. Darnley et al. (2019) find that the outer cavity would be located at these radii for nova systems that have been active for between ∼10 3 and 10 4 years (having undergone ∼1000 − 10,000 total eruptions). For higher density CSM and longer recurrence times, Dimitriadis et al. (2014) find that the cavities will expand more slowly, and thus our observations will rule out older systems.
Core Degenerate Scenario
In the core degenerate scenario for Type Ia SNe, a WD companion merges with the hot core of an asymptotic giant branch (AGB) star at the end of a common envelope (CE) or planetary nebula (PN) phase (Kashi & Soker 2011; Soker 2011) . The result of this merger is a massive (M M Ch ), rapidly-rotating, and highly magnetized WD (Tout et al. 2008; Kashi & Soker 2011) , which can subsequently explode as a Type Ia SN. In this scenario, the delay time between the merger and the SN-and hence the location of the CE or PN shell-is primarily set by the spin-down timescale of the merger remnant (Ilkov & Soker 2012) .
While originally proposed as a mechanism for prompt explosion after CE ejection (in order to explain Type Ia SN with strong hydrogen emission; Livio & Riess 2003) , a wide range of spin-down timescales are permitted (Lindblom 1999; Yoon & Langer 2005; Ilkov & Soker 2012) . Based on a number of observational probes, Tsebrenko & Soker (2015) have suggested that ∼20% of all Type Ia SN should occur within a PN that ejected within the ∼10 5 years prior to explosion due to the coredegenerate scenario. Assuming average expansion velocities of tens of km s −1 , our observations of SN1972E constrain the presence of PN ejected between a few × 10 3 and a few × 10 4 years prior to explosion. We find we can rule out the presence of roughly Abell 39-like PN (with n ∼ 30 cm −3 and f = 0.15 at r 1 ∼ 10 18 cm) for most of this range of delay times. More broadly, observed PN have masses in the range of ∼0.1 M to 1 M . Our observations rule out most shells with masses between 0.05 M and 0.3 M and thicknesses greater than f=0.15. Our observations likely also constrain higher mass PN-relevant as the core-degenerate scenario may require massive AGB stars (Livio & Riess 2003; Kashi & Soker 2011 )-but updated theoretical models, which include the effects of the inner SN ejecta impacting the CSM, are required for quantitative assessment.
Shell Ejections in DD Progenitors
There are multiple mechanisms by which DD Type Ia progenitors may also eject shells of material preexplosion. First, all putative DD progenitor scenarios must undergo at least one episode of CE evolution, in order to yield the requisite tight double WD system (e.g. Ivanova et al. 2013) . For WD merger models, the delay between CE ejection and SN is primarily set by the binary separation post-CE and the gravitational-wave timescale. While current binary population synthesis models predict a majority of WD mergers will occur with a significant delay post-CE, Ruiter et al. (2013) highlight a channel wherein ∼ 3.5% of WD binaries with a massive (>0.9 M ) primary will merge between 10 3 and 10 4 post-CE. As described above, assuming expansion velocities of a few tens to 100 km s −1 , our observations of SN 1972E constrain shells ejected on these timescales. While the CE mass ejection process is uncertain, the total envelop ejected for putative Type Ia progenitors ranges from a few tenths to ∼1 M (e.g. MacLeod et al. 2017) . We can rule out most CE shells with masses between 0.05 M and 0.3 M , unless they are very thin (f 0.1). Thus, it is unlikely that SN 1972E underwent and ultra-prompt explosion, although we caution additional theoretical models are required to quantitatively rule out CE shells with masses of ∼1 M .
For DD models that are triggered by the detonation of thin surface layer of helium accreted from a low-mass WD companion (the "double detonation" model; e.g., Woosley & Weaver 1994; Livne & Arnett 1995; Shen et al. 2013) , the explosion is predicted to occur between 10 8 and 10 9 years after CE (Ruiter et al. 2011; Shen et al. 2013) . As such, any CE shell will have long since dispersed into the ISM. However, (Shen et al. 2013) outline a model whereby such systems can also eject small amounts of hydrogen-rich material (a few ×10 −5 M ) at high velocities (∼15000 km s −1 ) in the hundreds to thousands of years before the SN. Analogous to classical novae, this material will sweep up the ISM, forming a cavity and outer shell structure whose properties (mass, radius, thickness) depend on both the evolutionary history of the WD and the ambient ISM density. For ISM densities of 1 cm −3 , (Shen et al. 2013) predict shells with n ∼ 5 cm −3 and widths of f ∼ 0.25 at radii ranging from r 1 ∼ 5 ×10 17 cm (for older WD progenitors) to r 1 ∼ 1 × 10 18 cm (for younger WD progenitors). Our deepest limits just rule out the presence of such shells around SN1972E, although some intermediate ages are permitted. For sparser ambient ISM densities, such shells would be below our detection limits.
Tidal Tail Ejections
In WD-WD merger scenarios, a small amount of material (a few ×10 −3 M ) can be ejected in the form of tidal tails, which are stripped from the system just prior to coalescence (Raskin & Kasen 2013) . The ultimate location of this material depends on the delay between the initiation of the merger and the ultimate explosion, and the non-detection of Type Ia SN in prompt (t year) radio and X-ray observations have been used to argue for either very short ( 100 s) or long (> 100 years) delays (Margutti et al. 2014; Raskin & Kasen 2013) . For a delay time of ∼100 year, Raskin & Kasen (2013) predict that the tidal tails should appears as a wide (f = 1) shell-like structure with a density of n ∼ 100 cm −3 at a radius of r 1 ∼ 2 × 10 17 cm. Our observations rule out such a CSM structure for SN 1972E. From this time onward, the tidal material will sweep-up ISM material, decelerating and narrowing in the process. Thus, our observation likely rule out delay times of a few hundred years for this scenario, with the exact range depending on the ISM density and deceleration timescale. Raskin & Kasen (2013) predict that by 3000 years post-ejection, the tidal material will be located at a radius of ∼ 8 ×10 18 cm, well beyond those probed by our observations.
Other CSM Structures
There are several putative Type Ia SN explosion models that predict the presence of CSM, which is neither constant in density nor strictly in the form of shells. Here, we discuss two such cases.
Stellar Winds
If the CSM surrounding surrounding the Type Ia SN has a stellar wind-like density distribution (ρ ∝ r −2 ), observations from the first ∼year post-explosion would provide the deepest constraints on the massloss rate of the progenitor system. This density distribution is what is typically expected in SD models that undergo quasi-steady mass-loss due to either winds from a giant (symbiotic) donor star (Seaquist & Taylor 1990) , optically-thick winds from the WD itself during phases of high-accretion (Hachisu et al. 1996) , or non-conservative mass-loss through the second Lagrange point during Roche Lobe overflow for some binary configurations (Deufel et al. 1999) . In all such cases, emission from the CSM interaction would be strongest in the first days after the SN event when the density of the CSM is highest (Chomiuk et al. 2016) . As described in Section 2, the deepest limits on the mass-loss rates for SN 1972E and SN 1895B come from the 1984 observations, 12.5 and 8.3 years post-explosion. The constraints of < 8.60×10 −6 M yr −1 and < 7.2×10 −5 M yr −1 (for wind velocities of 10 km s −1 ) rule out a number of Galactic symbiotic systems (Seaquist & Taylor 1990 ), but are otherwise unconstraining. We note that these limits depend linearly on the assumed wind speed, and hence for v w > 10 km s −1 the mass-loss constraints would be even weaker. Shen et al. (2012) present updated model for the longterm evolution of the remnants of WD mergers, in which the lower mass WD is disrupted and forms a hot radially extended (r ∼ 10 13 cm) envelope around the central remnant rather than an accretion disk. While the final fate of such remnants are debated, it should persist for 10 4 years as a carbon burning shell, ignited offaxis, propagates inward to the core. While they neglect mass loss in their calculations, Shen et al. (2012) note that with a typical escape velocities of 60 km s −1 , material lost during this phase in the remnant's evolution could reach radii of ∼2×10 18 cm, within the radius range probed by our observations. Subsequently, Schwab et al. (2016) perform updated models and examine the consequences of different mass loss prescriptions on the evolution of such merger remnants. In particular, they note the similarities between the observed properties of these remnants and AGB stars, raising the possibility that a dusty wind may form during an ∼5000 year phase in their evolution. Within this context, we note that our observations rule out mass loss on the level observed in extreme AGB stars (Ṁ ∼ 10 −4 M ) out to radii of a few times 10 17 cm for wind speeds between 10 and 100 km s −1 . However, Schwab et al. (2016) also find that the temperature of the merger remnant will eventually increase, in a process analogous to PN formation in AGB stars. As a consequence of this evolution, any phase of intense dusty mass loss should cease and the increased UV radiation from the central star could yield an ionized nebulae with total mass of ∼0.1 M at a distance of 3 × 10 17 cm. Our observations rule out the presence of such shells over a wide range of radii, unless they are very thin (f < 0.1).
Mass Loss from a Radially Extended Envelope
The Future: SN to SNR Transition
Our upper limits on the radio luminosity from SN 1972E and SN 1895B are consistent with both SN blastwaves expanding into low density CSM environments out to radii of a few × 10 18 cm. Assuming a constant density CSM, the radio emission from both events is predicted to continue rising over time (see Figure 2), and we can use our baseline S17 model described in Section 4.2.1 to project their future evolution and thus prospects for subsequent radio detections. If we assume that no CSM shells are present, and that the SNe are expanding into ambient densities of 0.7 cm −3 (just below our Dec. 2016 limits; Table 2 ), then both SN would peak at a flux level of ∼200 µJy (at 5 GHz) ∼300 years post-explosion. In this scenario SN 1972E and SN 1895B would reach maximum observed brightness in 2272 and 2195, respectively. If we assume that targeted VLA observations of each SN could achieve C-band images with RMS noise levels of ∼5−10 µJy (consistent with the sensitivity limits obtained by Chomiuk et al. 2016) , then both SN1972E and SN 1895B would currently be detectable at a greater than 5σ level.
However, the ambient density surrounding both SNe may be significantly lower than the upper limits found in Section 4. In this case the radio light curve would peak at later times and fainter flux levels (S17; See Figure 2) . For example, the youngest SN in our own Galaxy, G1.9+0.3, is detected at radio wavelengths at a level consistent ambient density of 0.02 cm −3 (Sarbadhicary et al. 2019b ; adjusted for consistency with our baseline S17 model; see Figure 4 ). If SN 1972E and SN 1895B are expanding into similar CSM environments, then we project that they would peak at 5 GHz flux levels of ∼6 µJy ∼990 years post-explosion. In such a scenario, their current 5 GHz fluxes would be only ∼ 1 µJy and ∼ 2 µJy, respectively, and they would never rise above the optimal VLA sensitivity limits described above. This indicates that observations of intermediate-aged Type Ia SNe in nearby galaxies may still be sensitivity limited without significant time investment (10-12 hours; see Sarbadhicary et al. 2019b ) from current instruments. Limits with future radio telescopes such as the Square Kilometer Array (SKA) and the Next Generation VLA will allow us to study radio emission from Type Ia SNe throughout the local volume, even when they are expanding into low density (∼ 0.1 cm −3 ) surroundings.
Once additional detections of intermediate aged-SN and young SNRs are made, interpretation of the results will require careful consideration of whether the emission is due to CSM shaped by the progenitor system, or simply the ambient ISM. For example, recent analysis of radio observations of SN 1885A by Sarbadhicary et al. (2019b) conclude the density surrounding the system must be approximately a factor 5 lower density that that surrounding G1.9+0.3. However, they argue that the higher density found for G1.9+0.3 may be due to a higher density in the Milky Way's center-as compared to M31's-and does not require CSM from the progenitor. Currently, we cannot distinguish between these scenarios based on our data for SN 1895B and SN 1972E.
SUMMARY AND CONCLUSIONS
We have conducted a study of the circumstellar environments of the nearby Type Ia SN 1972E and SN 1895B by analyzing seven epoch of archival VLA observations from obtained between 1981 and 2016. We do not detect emission from the location of either SN in our data set. The most stringent upper limits on the radio luminosity from each event are L ν,8.5GHz < 8.9 × 10 23 erg s −1 Hz −1 121 years post-explosion for SN 1895B and L ν,8.5GHz < 6.0 × 10 23 erg s −1 Hz −1 45 years post-explosion for SN 1972E. These imply low-density environments with n < 0.9 cm −3 out to radii of a few × 10 18 cm -nearly two orders of magnitude further from the progenitor star than those previously probed by prompt (t 1 year) radio and X-ray observations (e.g. Panagia et al. 2006; Margutti et al. 2012; Chomiuk et al. 2012; Russell & Immler 2012; Margutti et al. 2014; Chomiuk et al. 2016) . These ambient densities are consistent with progenitor scenarios that produce either ISM-like environments or low-density evacuated cavities out to large distances.
Given the multi-epoch nature of our dataset, we also investigate the possibility of shells surrounding the progenitor of SN 19722E. Using the models of H16, we rule out the presence of essentially all medium and thick CSM shells with total masses of 0.05 M to 0.3 M located at radii between a few × 10 17 and a few × 10 18 cm. We also exclude specific CSM shells down to masses of 0.01 M at a range of radii, which vary depending on the shell thickness (see Figure 8 ). Quantitative assessment of the presence of more massive CSM shells will require updated theoretical models that include the effect of the inner SN ejecta impacting the CSM shell.
These shell constraints rule out swaths of parameter space for various SD and DD Type Ia SN progenitor models including recurrent nova, core-degenerate ob-jects, ultra-prompt explosions post-CE, shells ejections from CO+He WD systems, and WD mergers with delays of a few hundred years between the onset of merger and explosion. Allowed progenitor systems include DD in which the delay from the last episode of CE is long (> 10 4 yrs) as well as SD models that exhibit nova eruptions-provided the system has a relatively short recurrence timescale and has been in the nova phase for either a short ( 100 yrs) or long ( 10 4 yrs) time.
It is clear that multi-epoch radio observations of nearby intermediate-aged Type Ia SNe explore useful regions of parameter space for distinguishing between the plethora of theoretical progenitor models. In the future, a statistical sample of such events will provide even more robust discriminating power, as different models predict a range of delay times and hence a variety of locations for CSM material.
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